Abstract It is now widely recognized that purinergic signaling plays an important role in the regulation of bone remodeling. One receptor subtype, which has been suggested to be involved in this regulation, is the P2Y2 receptor (P2Y2R). In the present study, we investigated the effect of P2Y2R overexpression on bone status and bone cell function using a transgenic rat. Three-month-old female transgenic Sprague Dawley rats overexpressing P2Y2R (P2Y2R-Tg) showed higher bone strength of the femoral neck. Histomorphometry showed increase in resorptive surfaces and reduction in mineralizing surfaces. Both mineral apposition rate and thickness of the endocortical osteoid layer were higher in the P2Y2R-Tg rats. μCT analysis showed reduced trabecular thickness and structural model index in P2Y2R-Tg rats. Femoral length was increased in the P2Y2R-Tg rats compared to Wt rats. In vitro, there was an increased formation of osteoclasts, but no change in total resorption in cultures from P2Y2R-Tg rats. The formation of mineralized nodules was significantly reduced in the osteoblastic cultures from P2Y2R-Tg rats. In conclusion, our study suggests that P2Y2R is involved in regulation of bone turnover, due to the effects on both osteoblasts and osteoclasts and that these effects might be relevant in the regulation of bone growth.
Introduction
Bone is a dynamic tissue which is constantly broken down and rebuilt. Imbalance between bone formation and resorption can eventually lead to the development of osteoporosis and subsequently an increased risk of fractures. It is therefore necessary that the balance between the activity of the bone-forming osteoblasts and the bone-resorbing osteoclasts is tightly regulated.
It is now widely recognized that purinergic signaling plays an important role in this regulation. Bone cells release nucleotides including adenosine triphosphate (ATP), adenosine diphosphate (ADP), uridine triphosphate (UTP), and uridine diphosphate (UDP) into the extracellular space. The targets for the extracellular nucleotides are the purinergic receptors. Differences in the molecular organization and signaling mechanisms divide purinergic receptors into two substantially different groups, namely, P2X and P2Y receptors [1] . Currently, seven P2X receptors and eight P2Y receptors have been identified and several of them have been shown to be expressed by one or more types of bone cells [2] . One receptor subtype, which has been suggested to play an important role in the regulation of bone remodeling, is the P2Y2 receptor (P2Y2R). P2Y2R has, besides ATP, also UTP as natural ligand, leading to both activation of phospholipase C β and generation of inositol 1,4,5-triphosphate, increasing intracellular calcium and activation of protein kinase C [3] .
P2Y2R has been reported to be expressed by human and rat osteoblasts in culture [4, 5] , where stimulation of the receptor induces c-Fos activation. Moreover, the response is strongly potentiated by parathyroid hormone pretreatment of the cells [4] . The expression of P2Y2R is dependent on the differentiation state of the osteoblasts, with more mature cells displaying an increased level of expression [6] . Stimulation of primary rat osteoblast cultures with ATP or UTP (1-100 μM) has been shown to inhibit mineralized bone nodule formation [7] by a mechanism not involving P2Y4R [6] . However, ATP and UTP (100 μM) have also been shown to increase mineralized bone nodule formation in primary rat osteoblasts, possibly through a mechanism involving upregulation of bone morphogenetic proteins (BMP) [8] . The expression of P2Y2R in osteoclasts is less clear. Bowler et al. reported that human osteoclasts express P2Y2R; however, resorptive activity of the cells was unaffected by UTP stimulation in contrast to ATP stimulation which increases their resorptive activity [9] . Furthermore, P2Y2R has been shown to be involved in intercellular communication between bone cells [10] [11] [12] and suggested to play a role in the mechanosensitivity of osteoblasts [13] .
Studies on the in vivo effect of P2Y2R on bone turnover are very limited and have shown contrasting results. Whereas Orriss et al. found higher bone mineral content (BMC) in P2Y2R KO mice compared to wild-type (Wt) mice [7] , Xing et al. found that P2Y2R KO mice had lower bone volume and bone strength than Wt mice [14] .
More than 100 single-nucleotide polymorphisms (SNPs) have been reported within the human P2Y2R gene [15] [16] [17] . Recently, Wesselius et al. reported that the allelic versions of Leu46Pro polymorphism in the P2Y2R gene were associated with bone mineral density (BMD) of the lumbar spine, femoral neck, and total hip in a cohort of fracture patients, supporting a role for P2Y2R in the regulation of bone turnover and the risk of osteoporosis [18] . Furthermore, the Arg312Ser polymorphism has been shown to be associated with BMD in a study of postmenopausal women, where subjects homozygous for the variant allele displayed increased BMD and reduced bone loss [19] .
Taken together, the research in the field suggests an important role for P2Y2R in bone biology; however, the exact involvement of the P2Y2R in regulation of bone turnover still remains unclear. In the present study, we investigated the effect of P2Y2R overexpression on bone status using a recently developed transgenic rat model. Furthermore, we investigated the underlying cellular effects of P2Y2R overexpression in primary osteoblasts and osteoclasts, in vitro.
Methods

In vivo study design
Nine female 3-month-old Sprague Dawley rats overexpressing P2Y2R (homozygous transgenic) and ten Wt Sprague Dawley rats were used in the study. Briefly, a lentiviral vector containing P2Y2R controlled by the ubiquitin promoter was microinjected into outbred Sprague Dawley zygotes, which were transferred into pseudopregnant Sprague Dawley recipient rats. Germline transgenic offspring were backcrossed for six generations to ensure stability of the transgene as described by Agca et al. [20] . Animals were fed by Purina, LabDiet®5008, and kept at 20°C using a 14-h/10-h light-dark cycle. All animals received intraperitoneal injections of calcein (Sigma-Aldrich 20 mg/kg) 2 and 10 days before sacrifice in order to label a newly formed mineralized bone matrix. Blood was collected after euthanasia, and serum was stored at − 80°C for subsequent measurements of bone resorption and formation markers. The left femur and tibia were stored in formalin for 48 h and thereafter transferred to 70% ethanol at 4°C prior to μCT analysis. The right femur was cleaned of soft tissue, wrapped in saline-moistened gauze, and stored at − 20°C for later ex vivo bone strength measurements, and the right tibia was isolated and stored in 70% ethanol at 4°C for bone histomorphometric assessment. The length of the femur was measured in duplicate using a sliding caliper.
DXA measurements
Right femurs were scanned in duplicate on a PIXImus dualenergy X-ray (DXA) densitometer (Lunar Corporation, Madison, WI) to assess BMD, BMC, and bone area. The machine was calibrated daily with a phantom provided by the manufacturer.
MicroCT measurements
MicroCT analysis of trabecular bone microstructure was performed at the intact proximal tibia, with a resolution of 7.4 μm (SkyScan 1172 desktop μCT). The X-ray source was operated at 70 kV and 142 μA with a 0.5 aluminum filter. X-ray projection images were captured every 0.7°through 180°rotation of the bone and were then reconstructed by SkyScan NRecon software at a threshold (the scaling range from floating point to 8-bit integer values) of 0.0-0.10. SkyScan CTan software was then used to measure the structural parameters from a 4.0-mm thick trabecular abundant region of interest (ROI) 1.2 mm below the growth plate. Trabecular and cortical bone was separated by manually drawing around each compartment by a trained scientist and in accordance with published guidelines. The bone was identified using a global fixed threshold. This was determined empirically by visually comparing the raw scan and the thresholded scan to ensure accuracy. Using a global fixed threshold (as opposed to a specimen-specific or local segmentation method) ensures that differences between study groups are due to experimental effects rather than image processing effects. The following indices were determined: trabecular bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, μm), trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm), trabecular pattern factor (Tb.Pf, 1/mm), structure model index (SMI), trabecular BMD, cortical thickness (Ct.Th.), cortical bone volume (BV), cortical porosity, and cortical BMD.
Bone strength measurements
Ex vivo biomechanical bone strength measurements were performed as described earlier [21] . In short, the femoral diaphysis was subjected to a three-point bending test and the femoral neck was subjected to shear test on a Lloyd material testing device LR50K (Lloyd Instruments, Fareham, UK). Testing of biomechanical properties was performed after rehydration in a saline solution at room temperature overnight. For the three-point bending test, the femur was placed horizontally on two supports (distance 18 mm) with deflection of the midshaft using a vertical probe with a constant speed of 2 mm per minute and a 500 N load cell. Load-displacement curves were generated and a maximum load applied until fracture was recorded, stiffness was calculated as the slope of the linear part of the curve, and work-to-failure was calculated as area under the curve.
Bone turnover markers
Bone turnover markers in serum samples were analyzed in duplicate following the instructions supplied by the manufacturer (Rat-MID Osteocalcin EIA, RatLaps (CTX-I), procollagen type 1, N-terminal (P1NP), and RatTRAP (IDS, DK)). To determine alkaline phosphatase (ALP) activity, the substrate solution was prepared by dissolving p-nitrophenylphosphate tablet (Sigma-Aldrich) in an assay buffer (SigmaAldrich), and the p-nitrophenol standard dilution was made in the assay buffer. Prediluted serum samples, control, or standards were assayed in duplicate at 37°C for 30 min, and the reaction was terminated with 1 M NaOH. The absorbance was read at 405 nm by an ELISA reader (Infinite M200 Magellan, Tecan).
Bone histomorphometry
Histomorphometric analyses were performed as previously described [22] . In short, the bones were dehydrated in a graded series of ethanol solutions and embedded in methyl methacrylate. The bones were sectioned longitudinally through the frontal plane (7 μm thick) using a Polycut E microtome and a tungsten carbide knife. Sections were mounted on gelatincoated slides and dried for 1 h at 40°C before further treatment. Five sections from each tibia were stained with Goldner's trichrome, and five sections were left unstained for analysis of fluorochrome labels. Sections were analyzed using an Olympus BX51 microscope attached to an image analyzer (C.A.S.T. GRID system from Olympus Denmark 2000). The following indices were measured in the proximal tibia: osteoid thickness (O.Th, μm), cortical thickness (Ct.Th, μm), percentage of eroded surface (ES/BS, %), percentage of mineralizing surfaces (MS/BS, %), and mineral apposition rate (MAR).
Osteoblast isolation
Primary rat calvarial osteoblasts were isolated from P2Y2R Tg and Wt rats as described by Orriss et al. [23] . In short, calvariae from 2-to 3-day-old rat pups were removed in sterile surroundings and cleaned from excess tissue and cartilage. The calvariae were washed with PBS, treated with trypsin, before sequential collagenase digestion (0.2% collagenase type II (Sigma-Aldrich) in Hanks' Balanced Salt Solution (HBSS, Invitrogen)). The final cell fraction was washed by centrifugation, resuspended in DMEM containing 10% FBS, 100 μg/ml penicillin and streptomycin (P/S, Invitrogen), and 2 mM Glutamax (Invitrogen), pH = 7.4), and seeded in 80 cm remove the non-adherent cells. Cells were cultured at 37°C and 5% CO 2 until confluence (3-4 days), at which point they were seeded for experiments.
Osteoclast generation
Osteoclasts were generated from the bone marrow of P2Y2R Tg and Wt rats. The mononuclear fraction of non-adherent cells from the bone marrow was isolated on a Histopaque-1077 gradient and then collected after a 10-min centrifugation at 400×g. They were then resuspended in α-MEM (containing 10% FCS, P/S, 2 mM L-glutamine, 60 ng/ml macrophage colony-stimulating factor (M-CSF), pH = 7.35-7.4). The suspensions were seeded in a six-well plate at a concentration of 1.5 × 10 7 cells per well. After 1 day of culture, non-adherent cells were removed, and each well was washed twice with culture medium before addition of M-CSF and receptor activator of nuclear factor kappa-B ligand (RANKL) to the cultures (30 ng M-CSF/ml, 40 ng RANKL/ml).
Calcium assay
Cells were seeded in triplicates at a density of 10.000/well in a 96-well plate (black with transparent bottom). After 24 h of culture, the wells were washed once in Ca buffer (HBSS (+/+) with 10 mM Hepes and 2 mM probenecid, pH 7.4) and then incubated at 37°C for 30 min with Fluo-4 (50 μl/well of 1:1 2 mM Fluo-4 with 20% Pluronic F-127 in Ca buffer). Plates were then washed twice in Ca buffer and left in Ca buffer for 10 min at 37°C before assay. Wells were then treated in triplicate with varying doses of agonist (UTP or ATP dissolved in dH 2 O) and Ca release measured by Fluo-4 fluorescence using a NOVOstar detection unit in two steps: step 1 in five intervals of 0.3 s to establish baseline prior to agonist addition and then every 0.4 s in 150 intervals from 9 to 69 s to record agonist response. Wells without Flou-4 treatment (replaced by Ca buffer) acted as blank controls and were automatically subtracted from all results.
Quantitative polymerase chain reaction
Total RNA was isolated according to the manufacturer's recommendations including genomic DNA wipeout (Qiagen RNeasy Plus Universal Kit) from three Wt and three P2Y2R-Tg rats (6 and 8 weeks old, respectively) for lung and brain analysis and from calvarial osteoblasts in passage 1 isolated from 4-to 7-day-old rat pups (n = 6 for Wt and n = 4 for P2Y2R-Tg). Total RNA content was measured using a NanoDrop 2000 spectrophotometer. Reverse transcription was performed on a GeneAmp 9700 using the Applied Biosystems High-Capacity Reverse Transcription Kit according to the manufacturer's recommendations with 100 ng total RNA as input per complementary DNA (cDNA) reaction.
Settings were 25°C for 10 min, then 37°C for 120 min, then 85°C for 5 min, and finally 4°C until use or storage.
qPCR was performed using a 2-μl cDNA template and the Applied Biosystems TaqMan© Universal PCR Master Mix plus relevant TaqMan probes (rat P2Y2, #Rn02070661_s1, and rat HPRT1, Rn01527840_m1) according to the manufacturer's recommendations in 20 μl total volume. All samples were run in triplicate, on a QuantFlex7 unit using the Bstandard curve^program. Data were analyzed using the comparative ΔΔCt method and expressed as fold change compared to wild-type levels.
Western blotting
Tissue sections and cultured cells were mixed with lysis buffer containing protease and phosphatase inhibitors (Roche) and disrupted and homogenized by sonication. The resulting homogenates were precleared of cellular debris by centrifugation at 11.000×g for 15 min at 4C. Total protein content of the supernatants was measured by the Bio-Rad DC total protein content kit according to the manufacturer's recommendations.
Samples were prepared by adjusting total protein content to 20 μg/loading in LDS buffer (Expedeon) with 50 mM DTT (AppliChem). Samples were run on 4-20% TGX gradient gels (Bio-Rad) for 35 min at 200 V and 110 mA/gel. Proteins were immediately electroblotted onto 0.2-μm PVDF membranes using a Bio-Rad Trans-Blot Turbo unit for 10 min set at the high MW protocol (1.3 A). The resulting membranes were blocked for 1 h at RT on an orbital shaker using 2% ECL Blocking Agent (GE Healthcare) in TBS-T (blocking buffer). They were incubated overnight using rabbit anti-P2Y2 (APR-010, Alomone Labs, 1:1000) or monoclonal rabbit anti-histone H3 (#4499S, Cell Signaling, 1:1000) in blocking buffer at 4°C on a rotor; briefly washed twice in TBS-T and then incubated with HRP-conjugated donkey antirabbit IgG antibody (#NA934V, GE Healthcare, 1:40.000 in blocking buffer) at RT on a rotor; washed in large volumes of TBS-T; and finally developed using ECL Select Western Blotting Detection Kit (GE Healthcare) for 5 min at RT. Image capture by LAS-4000 and densiometric quantification were performed using Image Gauge 3.0 (Fujifilm) software where P2Y2 band intensity was normalized to histone H3 intensity and then presented relative to WT.
Osteoblast numbers and mineralization assay
Osteoblasts were grown in mineralization medium (DMEM, 50 μl/ml L-ascorbic acid phosphate (Wako Chemicals USA, Inc.), 2 mM β-glycerophosphate (Sigma-Aldrich)) for 7 days with media changed every 2 days.
Cell numbers were estimated by WST-1 assay, measuring mitochondrial activity. Medium was removed after 7 days, and experimental medium containing 10% WST-1 reagent (Roche) was added. The plates were incubated at 37°C with 5% CO 2 for 1 h, and 100 μl medium from each well was transferred to a 96-well ELISA plate (Nunc). The plates were read at 450 and 650 nm (as reference) by an ELISA reader (Infinite M299 Magellan, Tecan). Wells containing the WST-1 medium without cells were used as blanks and were subtracted from all measurements. Afterwards, WST-1 medium was removed and cells were fixated in ice-cold 70% ethanol for 1 h at 4°C for mineralization assay. The wells were washed with distilled water, and cells were stained with 40 mM Alizarin Red S (AR-S) (Sigma-Aldrich), at pH 4.2 for 10 min at room temperature with shaking rotation at 2 g. The wells were washed three times with distilled water and finally washed with PBS with Ca 2+ and Mg 2+ for 15 min at room temperature with shaking rotation at 2 g to reduce nonspecific AR-S staining. Cells were de-stained in 10% CPC (Sigma-Aldrich) for 15 min at room temperature with rotation at 2 g. Standard row dilutions and AR-S extracts were applied (100 μl/well in duplicate) into a 96-well ELISA plate, and AR-S concentration was determined on an ELISA reader (absorbance at 450 and 650 nm as reference). AR-S concentrations were normalized to cell number (estimated by WST-1 assay).
Measurement of collagen production
Collagen production was determined in osteoblast cultures after 14 days of culture in medium containing 5% fetal calf serum, 2 mM β-glycerophosphate, and 50 μg/ml L-ascorbic acid phosphate. To measure deposited (fibrillar) collagen, cultures were washed in PBS, fixed with Bouin's solution for 1 h, and washed extensively in running water. Plates were left to air dry before staining for 1 h with Sirius Red dye reagent (1 mg/ml Direct 80 in picric acid, Sigma-Aldrich) with gentle agitation. Plates were washed extensively with running water, followed by 0.01 M hydrochloric acid to remove unbound dye. The stained collagen layers were digested with 0.1 M sodium hydroxide (500 μl/well) for 30 min. The absorbance of the digests was measured at 570 nm by an ELISA reader.
Determination of ALP activity
The ALP activity of cell lysates was determined colorimetrically by an ELISA reader using a commercially available kit (Sigma-Aldrich) as described previously [24] . Osteoblasts were cultured in 24-well trays for 14 days. Cell layers were washed, and cells were harvested using a cell scraper followed by sonication at 4°C and centrifugation at 500×g. The supernatant was collected and stored at − 18°C. The cell lysate was diluted 25 times in TBS buffer. Total protein content was determined by Pierce BCA Protein Assay (Thermo Scientific). Cell lysate was thawed, and 50 μl lysate, control, or standard was transferred to a 96-well plate in duplicate.
Two hundred microliters of working reagent was added to the each well before incubation for 60 min at 37°C. The absorbance was read at 562 nm.
Resorption assay
Osteoclasts were isolated and cultured as described above but seeded in 96-well plates on bovine bone slices (Nordic Bioscience, Herlev, Denmark) or 48-well glass cover slips. After 10 days of culture, the osteoclasts on glass cover slips were stained for tartrate-resistant acid phosphatase (TRAP) and quantified by visible inspection of ten randomly chosen fields of view. Only TRAP-positive cells with more than three nuclei were counted as multinucleated osteoclasts. Cells were removed from the bone slices, and the resorption pits were stained with hematoxylin, prior to quantification with the C.A.S.T. (Computer Assisted Stereological Toolbox) Grid system on Olympus Bx51. The results were calculated as area resorbed in percentage of total area.
Approvals
Animals were housed in accordance with the policies of the University of Missouri Animal Care and Use Committee, and the Guide for the Care and Use of Laboratory Animals (protocol: 6466).
Statistics
Statistical analyses were performed using the SPSS software, v.11.5. For the comparison of the different genotypes, Student's t test was used for normally distributed data; otherwise, the non-parametric Mann-Whitney U test was used. Differences were considered statistically significant when p ≤ 0.05. Normally distributed data are presented as mean ± standard error of the mean (SEM). Non-parametric data are presented as individual experiments and mean.
Results
P2Y2R overexpression increases femoral length but has no effect on bone mineral density Femoral length was significantly higher in P2Y2R-Tg rats compared to Wt rats (3.52 ± 0.02 vs. 3.46 ± 0.01 cm, respectively; p = 0.002); however, there was no effect of P2Y2R overexpression on BMD, BMC, and bone area of the total femur determined by DXA (Table 1) . μCT analysis confirmed these findings, showing no significant difference in either cortical or trabecular BMD between the genotypes (Table 2) .
P2Y2R overexpression changes the trabecular microstructure while cortical microstructure is unaffected Microstructural analysis using μCT scan of the proximal tibia revealed a minor, but significant, decrease in Tb.Th in P2Y2R-Tg rats compared to Wt rats (0.0576 ± 0.0005 vs. 0.0592 ± 0.0005 mm, respectively, p = 0.018) ( Table 2) . SMI, which is used to measure the change in surface curvature in trabecular bone, was increased from 1.23 ± 0.081 in Wt rats to 1.46 ± 0.045 in P2Y2R-Tg rats (p = 0.027), indicating a more rod-like trabecular structure in P2Y2R-Tg rats (Table 2 ). There were no significant differences between genotypes in the other indices of the trabecular compartment (BV/TV, Tb.N, Tb.Sp Tb.PF) ( Table 2) . Furthermore, there were no significant differences in cortical microstructure (BV, Ct.Th, or porosity) between the genotypes (Table 2 ).
P2Y2R overexpression increases the strength of the femoral neck
Bone strength of the femoral neck was determined by shear test and revealed a significant 17% increase in maximum load of the femoral neck in P2Y2R-Tg rats compared to Wt rats (p = 0.04) ( Table 3 ). There were no significant differences in stiffness or work-to-failure of the femoral neck between the genotypes, although the same trend was seen as for the maximum load (Table 3) . Bone strength of the femoral midshaft was determined by the three-point bending test. There were no significant differences in maximum load, stiffness, or workto-failure of the femoral midshaft between the genotypes (Table 3 ).
P2Y2R overexpression affects both bone resorption and bone formation
Histomorphometric analysis of the proximal tibia demonstrated significant effects of P2Y2R overexpression. ES/BS was significantly higher in P2Y2R-Tg rats compared to Wt rats (18.9 ± 0.5 vs. 16.9 ± 0.5%, respectively; p = 0.010) ( Table 4 ). MS/BS was decreased by 6% in P2Y2R-Tg rats compared to Wt rats (p = 0.008); however, MAR was increased by 10% in P2Y2R-Tg rats compared to Wt rats (p = 0.032), but no difference in BFR/BS was seen (Table 4) . To assess the apposition of the unmineralized bone matrix, endosteal O.Th in the proximal tibia adjacent to the growth plate was measured. O.Th was significantly increased by 41% in P2Y2R-Tg rats compared to Wt rats (p < 0.001) ( Table 4 and Fig. 1 ). In contrast, no osteoid tissue was found in the trabecular compartment, nor in the cortical bone in the diaphysis. In accordance with the histomorphometry, serum bone resorption marker TRAP-5b was significantly higher in P2Y2R-Tg rats compared to Wt rats (2.08 ± 0.17 vs. 1.50 ± 0.09 U/l, respectively; p = 0.006) ( Table 5 ). There was, however, no difference in resorption marker CTX-I between the genotypes (Table 5) . No significant differences between genotypes could be detected in the bone formation markers, osteocalcin, and P1NP, while ALP activity in serum was 25% lower in P2Y2R-Tg rats compared to Wt rats (p = 0.001) ( Table 5 ).
P2Y2R is greatly overexpressed in some tissues from the P2Y2R-Tg rat
To demonstrate to which extent cells and tissues from P2Y2R-Tg rats overexpress messenger RNA (mRNA) for P2Y2R, brain and lungs were isolated for qPCR. In the brain and lungs, we found that P2Y2R expression increased 300-fold (range 241-407) and 120-fold (range 118-128), respectively, for the P2Y2R-Tg rat compared to WT. In osteoblasts isolated from calvariae of the transgenic animals, P2Y2R mRNA expression was increased by almost 90-fold (range 81-104) (Fig. 2a) .
To determine the effect on the expression of the P2Y2R protein, Western blotting was performed. While total P2Y2R protein expression (basal and glycosylated) in the brain was increased by 67 ± 12% (p = 0.010), no increased P2Y2R protein expression could be detected in the calvarial osteoblast cultures from P2Y2R-Tg rats (90 ± 18% of WT mean , p = 0.70) (Fig. 2b) .
P2Y2R overexpression increases the intracellular calcium response to nucleotides
In order to determine whether the increased P2Y2R expression translated into a cellular phenotype, the intracellular calcium response to UTP stimulation was investigated in cultures of calvarial osteoblasts. The increase in intracellular calcium concentration upon UTP stimulation was significantly higher in osteoblasts from P2Y2R-Tg compared to the cells obtained from WT animals (p < 0.0001) (Fig. 3) .
P2Y2R overexpression affects osteoclast formation and activity in vitro
By days 3-4 of culture, TRAP-positive mononuclear cells appeared and multinucleated cells after a week. The number of TRAP-positive multinucleated cells reached a maximum on day 12. The number of osteoclasts formed after 10 days of culture was significantly higher in P2Y2R-Tg rats compared to Wt rats (568 ± 47 vs. 433 ± 34, respectively; p = 0.032) (Fig. 4a) . In contrast, there was a trend towards decreased resorbed area of osteoclasts from P2Y2R-Tg rats compared to Wt rats; however, it did not reach statistical significance (41.7 ± 2.68 vs. 54.1 ± 5.30%, respectively; p = 0.056) (Fig. 4b) . 
P2Y2R overexpression reduces mineralization in primary rat osteoblastic cell cultures
In vitro, primary osteoblastic cells from P2Y2R-Tg rats showed reduced formation of mineralized bone nodules at day 7 (p = 0.021) (Fig. 5a ). While there was no significant difference in collagen production (Fig. 5b) , the ALP activity was decreased by 40% in osteoblasts from P2Y2R-Tg rats compared to osteoblasts from Wt rats (p = 0.004) (Fig. 5c ).
Discussion
In summary, 3-month-old female rats overexpressing P2Y2R showed higher bone strength of the femoral neck. Histomorphometric analysis showed increased number of resorptive surfaces and MS/BS was reduced. However, there was an increase in both MAR and O.Th. μCT analysis showed a minor reduction in trabecular thickness and a slight change in SMI pointing to a more rod-like structure in P2Y2R-Tg rats. The effect of P2Y2R overexpression did not result in an overall change in BMD, BMC, or bone area, although length growth was slightly increased compared to Wt rats. In vitro, there was an increased formation of osteoclasts from the transgenic rats, but no change in total resorption, while the formation of mineralized nodules was significantly reduced in the osteoblastic cultures from P2Y2R-Tg rats.
Prior published studies on the involvement of ATP, UTP, and P2Y2R in bone turnover have shown somewhat contradictory results. Until now, the effect of P2Y2R signaling on bone status in vivo has been sparsely investigated and limited to the use of P2Y2R KO mice, due to the limited P2Y2R-specific agonists and antagonists. This led us to investigate whether increased P2Y2R expression in vivo was associated with a change in bone status using a novel P2Y2R-overexpressing transgenic rat strain. This model was developed by Agca et al. and has been shown to express increased levels of functional P2Y2R in various tissues [20] . However, as the original report on the transgenic model did not address P2Y2R expression in bone and bone cells, we investigated P2Y2R expression in cultured calvarial osteoblasts from the P2Y2R-Tg and WT rats. We found a substantial overexpression of the receptor by qPCR. However, we were unable to demonstrate an upregulation of the receptor protein. This could be explained with missing translation of mRNA expression into P2Y2R proteins. Interestingly, we still found an increased dose-dependent response of the cells to UTP stimulation, indicating that at least some of the increased mRNAs is translated into membrane-bound P2Y2R, as the intracellular calcium increase was enhanced by approximately 50-70% in cells from P2Y2R-Tg rats when compared to cells from Wt rats. This is similar to what was shown in smooth muscle cells in the original report on the phenotype of the P2Y2R-Tg model. This discrepancy between increase in mRNA expression of the receptor and yet no detectable increase in protein levels of Wt P2Y2R-Tg Fig. 1 Micrograph of osteoid formation determined on Goldner's trichrome-stained bone sections of the cortical bone of the tibia from P2Y2R-Tg rats and Wt rats (white arrow: bone; yellow arrow: osteoid) the receptor may occur if the massive increase in mRNA in the transgenic animals leads to prolonged surface expression, thus giving rise to an increase in receptor signaling. Alternatively, the distribution of receptors between the intracellular compartment and the cell membrane could be changed as a result of the increased transcript levels. However, as we did not examine the membrane-to-cytosol distribution and only measured total cellular P2Y2R protein content by Western blotting, we were unable to investigate this. Moreover, we detected a bone phenotype in the P2Y2R-Tg animals. The trabecular region of the tibia showed thinning and a slightly more rod-like structure in P2Y2R-Tg rats. However, there were no differences in trabecular bone volume, number, or spacing of the trabeculae, suggesting that the effect on trabecular microstructure was limited. This was supported by the fact that mechanical bone strength parameters of the femoral neck-a region rich in trabecular bonewere not reduced. In contrast, we saw a 17% increase in maximum load of the femoral neck. Additionally, P2Y2R-Tg rats had longer femurs than Wt rats. This change in length growth, resulting in either larger bones or a change in bone geometry, may have contributed to the increased bone strength of the femoral neck in P2Y2R-Tg rats.
There was no effect of P2Y2R overexpression on cortical microstructure assessed by μCT, and in agreement with this, there was no change in mechanical strength parameters of the femoral midshaft, consisting primarily of cortical bone or in the total femoral BMD measured by DXA. Due to the relatively lower bone turnover in cortical bone compared to trabecular bone [25] , a change in bone turnover would be expected to affect trabecular bone to a greater extent and at an earlier time point than cortical bone.
Histormophometric analysis revealed an 11% increase in resorption of trabecular bone surfaces in P2Y2R-Tg rats, suggesting a higher activation frequency. This was supported by the profound increase in the serum resorption marker TRAP5, which is related to the number of osteoclasts. There was, however, no change in the serum marker CTX-I-a product of collagenous matrix degradation. This could suggest that although more resorption sites appeared, the resorption depth might have been decreased in P2Y2R-Tg rats. Unfortunately, we did not measure this parameter. In accordance to this, P2Y2R-Tg rats showed an increased formation of multinucleated osteoclast-like cells in vitro, but no significant change in total resorbed area of bone slices compared to the primary osteoclasts from Wt rats. In fact, there was a Resorption of bone slices by primary osteoclasts from P2Y2R-Tg or Wt rats (percentage of total area). Data are presented as mean ± SEM and p value from t test (n = 10) tendency towards reduced resorption by osteoclasts from P2Y2R-Tg rats. There have been only limited reports on the effect of P2Y2R signaling in osteoclasts, and P2Y2R has been suggested to function as an off-switch of the osteoblastic mineralization process [6, 9] . This is in line with our findings of increased endosteal O.Th in the proximal tibia. In addition, our data suggest that P2Y2R signaling is able to modulate osteoclast formation and activity. Dynamic histomorphometry showed less active mineralizing surfaces (MS/BS) in P2Y2R-Tg rats, but increased MAR. This could suggest fewer but more active osteoblasts. In support of this, we found no change in the serum markers of bone formation, PINP, and osteocalcin, which are both products from matrix formation. However, ALP activity in serum was significantly reduced in P2Y2R-Tg rats, which could reflect a decrease in the number of active osteoblasts, also apparent by the reduction in MS/BS. The effect on osteoblasts could be a direct effect of changes in P2Y2R signaling in these cells but could also be an indirect effect through changed P2Y2R signaling in the osteoclasts and thereby a change in the activation of osteoblasts following resorption. In order to assess the isolated effects of P2Y2R overexpression in osteoblasts, cells were isolated from P2Y2R-Tg and Wt rats. Calvarial osteoblasts from P2Y2R-Tg showed reduced formation of mineralized bone nodules after 7 days of culture, suggesting a direct effect of P2Y2R signaling on the osteoblasts. This was further supported by a reduction in ALP activity in the osteoblast cultures as well.
Orriss et al. showed that ATP and UTP stimulation of primary rat osteoblast cultures inhibited mineralization, accompanied by decreased ALP activity. This was suggested to be the result of P2Y2R activation, although inhibition of mineralization by pyrophosphate formed from ATP and UTP degradation is also a possibility [6, 7] . These findings are in agreement with the reduced ALP activity and mineralization seen in the primary osteoblasts from P2Y2R-overexpressing rats in our study. In a recent study, however, ATP and UTP were shown to increase mineralization and ALP activity in primary rat osteoblasts. Along with this, an increase in expression of BMP4 and BMP5, proteins involved in regulation of bone matrix formation, was seen upon stimulation with ATP and UTP [8] . Furthermore, Xing et al. showed that primary osteoblasts from P2Y2R KO mice formed less mineralized nodules and had lower ALP activity compared to osteoblasts from Wt mice [14] .
Strikingly, histomorphometry showed a 40% increase in the thickness of the osteoid layer of the endocortical zones in the proximal part of the tibia in P2Y2R-Tg rats. These zones were close to the epiphysis and might be related to the increased bone length. In contrast, no osteoid was detected in the midshaft of the tibia. Thus, the increased bone length and the increased osteoid-forming activity might indicate an important role for P2Y2R in the regulation of longitudinal bone growth. Moreover, the increase in osteoid thickness was not reflected in increased cortical bone thickness.
Orriss et al. reported that 2-month-old male P2Y2R KO mice display a 17% increase in tibial BMC and a 9% increase in femoral BMC compared to Wt mice, supporting that P2Y2R activation inhibits mineralization [7] , whereas Xing et al. reported contrasting results on the bone phenotype in P2Y2R KO in a recent study [14] . They found that both 8-and 17-week-old male P2Y2 KO mice have decreased trabecular BV/TV and Tb.Th. Corresponding changes in cortical bone appeared only after 17 weeks, while both trabecular and cortical BMD remained unchanged. Ultimate force and stiffness of cortical bone was decreased after 17 weeks, but not after 8 weeks [14] . The decrease in mechanical properties due to the lack of P2Y2R expression is in agreement with the increase in mechanical properties upon increased P2Y2R expression in our study. This also suggests that cortical changes might appear at a later stage in our model since mice and rats are considered skeletally mature at different ages (4 vs. 6 months of age, respectively) and could explain that we only see changes of mechanical properties of the femoral neck, which is rich in trabecular bone and not the cortical midshaft. It would be highly relevant to investigate the effect of P2Y2R overexpression in skeletally mature rats of at least 6 months of age, since the involvement of the receptor in bone modeling (growth) and bone remodeling might differ.
Data from transgenic models should always be interpreted with some caution. One limitation of the transgenic model in our study is that the actual insertion site(s) of the transgene and the number of insertion sites are currently unknown. As the transgene was inserted randomly using a lentiviral vector, there is a possibility that the insertion has disrupted another functional gene at one or more sites, contributing to the transgenic phenotype independent of P2Y2R. Furthermore, Agca et al. described that P2Y2R-Tg rats display signs of both nephropathy and inflammation [20] , both of which can result in a changed bone turnover independent of P2Y2R signaling. The severity of these conditions was, however, reported to increase with age, and should therefore be minimized since the rats used in our study were only 3 months old. This should be considered and monitored if older animals were used to study the effect on skeletally mature animals. Another concern with this model could be that it does not reflect the true role of the receptor. In purinergic signaling, the receptor levels might not be the rate limiting factor. Thus, normal physiologic receptor levels might be sufficient for bone cell function, but with the ligand concentration being the rate limiting step. This could be investigated by stimulating the bone cell cultures with different concentrations of nucleotides/ligands to assess the effects of increased purinergic signaling on the bonerelated end points used in this study.
In the clinical setting, studies suggest that the role of P2Y2R in regulation of bone turnover is of significance as well. Several non-synonymous SNPs have been identified within the P2Y2R gene. Wesselius et al. reported that women with the Leu46Pro SNP had higher BMD compared to women carrying the Wt allele in a cohort of fracture patients [18] . Unfortunately, the effect on receptor function of this SNP has not yet been identified. In a Danish cohort study of postmenopausal women, the Arg312Ser SNP was shown to be associated with increased BMD and decreased rates of bone loss [19] . This SNP has been suggested to result in gain of function of P2Y2R. The P2Y2R genotype could therefore potentially serve as a prognostic marker for bone disease.
In conclusion, our study suggests that P2Y2R is involved in the regulation of bone turnover, due to its effects on both osteoblasts and osteoclasts, and that these effects might be very relevant in the regulation of bone growth in the young skeleton.
